Efficient editing of Trypanosoma brucei mitochondrial RNAs involves the actions of multiple accessory factors. T. brucei RGG2 (TbRGG2) is an essential protein crucial for initiation and 3=-to-5= progression of editing. TbRGG2 comprises an N-terminal G-rich region containing GWG and RG repeats and a C-terminal RNA recognition motif (RRM)-containing domain. Here, we perform in vitro and in vivo separation-of-function studies to interrogate the mechanism of TbRGG2 action in RNA editing. TbRGG2 preferentially binds preedited mRNA in vitro with high affinity attributable to its G-rich region. RNA-annealing and -melting activities are separable, carried out primarily by the G-rich and RRM domains, respectively. In vivo, the G-rich domain partially complements TbRGG2 knockdown, but the RRM domain is also required. Notably, TbRGG2's RNA-melting activity is dispensable for RNA editing in vivo. T rypanosome RNA editing entails the precise addition and removal of uridine nucleotides in mitochondrial RNAs. In Trypanosoma brucei, 12 of the 18 mitochondrially encoded mRNAs require editing for maturation prior to their translation. Essential players in this process are mitochondrially encoded 50-to 60-nucleotide (nt)-long guide RNAs (gRNAs), which direct the positions of uridine insertion and deletion through base-pairing interactions. The editing cycle is initiated upon association of a cognate gRNA with preedited mRNA by formation of a short anchor duplex. Editing catalysis is mediated by multiprotein complexes called editosomes or RNA editing core complexes (RECCs), and editing efficiency is achieved through the actions of transiently associating accessory factors (8, 16, 45, 55, 56, 62, 63) . Following annealing of gRNA/preedited mRNA, a gRNAdirected endonuclease cleaves the premRNA at the site of gRNA/mRNA mismatch, and U insertion or deletion is catalyzed by terminal uridylyl transferase or U-specific exoribonuclease activities, respectively. The mRNA is then resealed by RNA ligase in preparation for a subsequent editing cycle. The editing cycles continue until gRNA/mRNA base pairing is extended along the entire length of the gRNA. gRNAs are then presumably exchanged, and the process continues, proceeding in a general 3=-to-5= direction along the mRNA. While "minimally edited mRNAs" are edited only in small regions, the majority of mRNAs are edited throughout their lengths and thus are termed panedited. Complete editing of panedited mRNAs requires sequential utilization of dozens of gRNAs.
T rypanosome RNA editing entails the precise addition and removal of uridine nucleotides in mitochondrial RNAs. In Trypanosoma brucei, 12 of the 18 mitochondrially encoded mRNAs require editing for maturation prior to their translation. Essential players in this process are mitochondrially encoded 50-to 60-nucleotide (nt)-long guide RNAs (gRNAs), which direct the positions of uridine insertion and deletion through base-pairing interactions. The editing cycle is initiated upon association of a cognate gRNA with preedited mRNA by formation of a short anchor duplex. Editing catalysis is mediated by multiprotein complexes called editosomes or RNA editing core complexes (RECCs), and editing efficiency is achieved through the actions of transiently associating accessory factors (8, 16, 45, 55, 56, 62, 63) . Following annealing of gRNA/preedited mRNA, a gRNAdirected endonuclease cleaves the premRNA at the site of gRNA/mRNA mismatch, and U insertion or deletion is catalyzed by terminal uridylyl transferase or U-specific exoribonuclease activities, respectively. The mRNA is then resealed by RNA ligase in preparation for a subsequent editing cycle. The editing cycles continue until gRNA/mRNA base pairing is extended along the entire length of the gRNA. gRNAs are then presumably exchanged, and the process continues, proceeding in a general 3=-to-5= direction along the mRNA. While "minimally edited mRNAs" are edited only in small regions, the majority of mRNAs are edited throughout their lengths and thus are termed panedited. Complete editing of panedited mRNAs requires sequential utilization of dozens of gRNAs.
RNA-editing accessory factors are thought to coordinate recruitment of RNAs to the editosome, to direct correct gRNA/ mRNA annealing, and to regulate editing progression by modulating RNA-RNA and RNA-protein interactions. Accessory factors studied to date include RBP16, MRP1/2, and TbRGG2, all of which bind and anneal RNAs, T. brucei RGG1 (TbRGG1), and the RNA helicase REH1 (2, 28, 33, 40, 44, 50, 57, 65) . TbRGG2 is a component of a multiprotein complex, Mitochondrial RNA Binding Complex 1 (MRB1, also known as GRBC), which contains numerous proteins that affect RNA editing and stability and exhibits a dynamic composition maintained by a network of protein-protein and protein-RNA contacts (1, 3, 4, 32, 34, 53, 66) . Here, we focus on the mechanism of action of TbRGG2, which is required for editing of all panedited RNAs and is thus essential for growth of both the insect procyclic form (PF) and the bloodstream form (BF) of T. brucei (1, 28) . Previously, we showed that repression of TbRGG2 impacts both initiation of RNA editing at mRNA 3= ends and the 3=-to-5= progression of editing, while gRNA levels remain unaffected. In vitro, TbRGG2 binds mRNA and gRNA and possesses robust gRNA/mRNA-annealing activity (5, 28) . It also exhibits RNA-melting activity in an Escherichia coli model system. The ability of TbRGG2 to modulate RNA-RNA interactions was suggested as a key function in RNA editing, likely impacting gRNA utilization (5) . TbRGG2 forms multiple mitochondrial complexes that are partially RNA independent (28) , and yeast two-hybrid analysis identified several direct TbRGG2 binding partners in the MRB1 complex (3) . TbRGG2 is organized into two distinct domains: an N-terminal glycine-rich (G-rich) region and a C-terminal RNA recognition motif (RRM)-containing domain (Fig. 1) . Within the G-rich domain are two slightly overlapping regions of eight glycine-tryptophan-glycine (GWG) repeats and eight arginine-glycine (RG) repeats. The RRM contains two conserved se-quence motifs, RNP1 and RNP2. How the distinct TbRGG2 domains contribute to its multiple biochemical functions and its essential role in RNA editing remains obscure.
In other proteins, G-rich and RRM domains bind RNA and/or contribute to protein-protein interactions (30, 31, 35, 46) . For example, GWG repeats in TNRC6 family proteins bind Argonaute (Ago), and this interaction is essential for microRNA (miRNA)-mediated repression (23, 25, 42) . Interactions between the RGG boxes of Sm proteins and SMN are critical in formation of spliceosomal snRNPs (26) . Many RG-and RGG-containing sequences also bind RNA directly (20, 22) , and it has been proposed that some RGG-containing proteins regulate RNA processing and enhance the proper assembly of mature RNPs through interactions with sequence-specific RNA binding proteins (31) . The RRM is a commonly occurring motif in eukaryotic proteins that function in numerous aspects of RNA processing, translation, decay, and transport (11, 47) . Structural analyses of RRM domains show that RRMs are extremely diverse in terms of structure and function. Classical RRMs contain 80 to 90 amino acids (aa), comprising a four-stranded antiparallel ␤-sheet enclosed by two ␣-helices (7). RRMs serve as RNA binding elements, often utilizing two conserved sequence motifs, RNP1 and RNP2, located on the central two ␤-strands to mediate RNA contacts (47) . Many structural studies of RRM domains in complex with different RNAs show that this small domain is a central component of RNA recognition but not the only determinant. N-and C-terminal extensions, simultaneous actions of multiple RRM domains, or protein cofactors can play an important role in RNA binding specificity (14, 49, 58) . RNA binding affinities of RRM domains range from very high to low (10, 11, 38) . Additionally, a number of proteins have been described in which RRM domains exclusively mediate proteinprotein interactions (13, 29, 36, 39, 61) .
Here, we report in vitro and in vivo separation-of-function studies that provide insights into the mechanisms by which TbRGG2 contributes to RNA editing. We show that full-length TbRGG2 preferentially binds preedited mRNA rather than gRNA or edited mRNA. The N-terminal G-rich domain is the primary mediator of high-affinity RNA binding and RNA annealing, and both GWG and RG repeats contribute to these activities. In vivo, the G-rich domain partially complements the knockdown of endogenous TbRGG2, but RRM-mediated functions are also essential. The C-terminal RRM-containing domain mediates RNA melting and negatively regulates the activities of the G-rich domain, although additional mutations demonstrate that the RNAmelting activity of TbRGG2 is dispensable for growth and RNA editing in vivo. Interactions between TbRGG2 and MRB1 complex components are mediated by both G-rich and RRM-containing domains, depending on the binding partner. Overall, our results are consistent with a model in which the high-affinity RNA binding and RNA-annealing activities of the G-rich domain are essential for RNA editing in vivo. The RRM domain may have key functions involving interactions with the MRB1 complex and/or regulation of the activities of the G-rich domain. 7 .6], 2.1 mM MgCl 2 , 0.5 mM dithiothreitol [DTT], 0.1 mM EDTA, 6% glycerol, 1.5 mM ATP, 5 mM phosphocreatine, 10 g/ml torula yeast RNA, and 50 g/ml bovine serum albumin). A microfiltration apparatus (Bio-Rad) was used to filter the RNA binding reaction mixture on two membranes, an upper nitrocellulose and a lower Nytran-SPC (Whatman), as described previously (67) . The membranes were presoaked in 1ϫ filter buffer (phosphate-buffered saline [pH 7.6], 2.1 mM MgCl 2 , 0.5 mM DTT, 0.1 mM EDTA, and 6% glycerol). Following filtration, the membranes were washed twice with 1 ml of 1ϫ binding buffer and left to dry for 15 min at room temperature. We used a Bio-Rad phosphorimager scanner and Quantity One software to measure the radiolabeled signals of both bound and free RNA. Sigma Plot 11.2 software (Systat Software, Inc.) was used to analyze the data and calculate the apparent dissociation constant (K d ) by the best fit to a nonlinear regression curve.
In vitro RNA annealing. RNA-annealing reactions were performed as previously described (5) . Briefly, we used increasing concentrations of GST-tagged recombinant proteins to promote the annealing of equivalent concentrations (ϳ10 nM) of 5=-radiolabeled A6U5 41-nt pre-mRNA with gA6 [14] NX gRNA. The annealed product was analyzed via native PAGE and quantified using a Bio-Rad phosphorimager scanner and Quantity One software.
E. coli RNA-melting assay. RNA-melting assays were performed as previously described (5) . The sequences of each primer set used to introduce TbRGG2 variants into the pINIII plasmid are as follows. Full-length TbRGG2 was amplified by TbRGG2-5=NdeI (5=-GCGCATATGAAGCG CACACCTGTTAG-3=) and TbRGGm-3-21 (5=-GGAAGCTTTTACACC TTCTGACTGGC-3=). The G-rich domain was amplified with TbRGG2-5=NdeI and G-rich-3 (see above). The RRM domain was amplified with RRM-3 (5=-GCGCATGTGGTCGACGAGGAGGCA-3=) and TbRGGm-3-21. The RGG2VF-AA mutant was amplified using the pET42-RGG2VF-AA plasmid as a template. DNA fragments were excised and cloned into the NdeI/HindIII sites of the pINIII vector. To test the transcriptional antitermination activity, the various pINIII plasmids were transformed into RL211 cells provided by Robert Landick (University of Wisconsin-Madison) (9) . The transformed cells were grown overnight in Luria broth (LB) with 100 g/ml ampicillin. The cell cultures were then diluted into fresh medium and grown to an optical density at 600 nm (OD 600 ) of 1. Expression of TbRGG2 variant proteins was induced with 1 mM IPTG for 1 h. About 5 l of each cell culture was spotted on LB plates containing 100 g/ml ampicillin and 1 mM IPTG in the absence or presence of 15 g/ml chloramphenicol. The plates were grown at 37°C for up to 4 days.
Cell cultures and cell lines. PF strain 29-13 (kindly provided by George Cross, Rockefeller University), expressing the T7 polymerase under the control of a tetracycline-inducible promoter, was grown as indicated previously (57) . Generation of the 3= untranslated region (UTR)-based TbRGG2 RNA interference (RNAi) line and the corresponding add-back line complemented with wild-type myc-tagged TbRGG2 was previously described (3) . All the other add-back cell lines were created using the same strategy and the following primer sets: G-rich domain, RGG2-5pLEW and G-rich-3pLEW (5=-GGTCTAGAGTTTGGTTGACC CCAGAC-3=); RRM domain, RRM-5pLEW (5=-GGAAGCTTGTGGTCG ACGAGGAGGCA-3=) and RGG2-3pLEW. To construct the RGG2VF-AA mutant plasmid, RGG2-5pLEW and RGG2-3pLEW primers were used to amplify the mutant from the pET42-RGG2VF-AA template.
qRT-PCR. Total RNA was extracted from uninduced and induced cells cultured for 3 days using TRIzol reagent (Invitrogen). RNA was treated with a DNA-free-DNase kit (Ambion) to remove any residual DNA. cDNA was synthesized using the Taq-Man reverse transcription kit (Applied Biosciences) and used as a template in quantitative reverse transcription-PCRs (qRT-PCRs) with primers specific for never-edited, preedited, and fully edited mRNAs of the T. brucei mitochondrion (15, 16) . The results were analyzed with iQ5 software (Bio-Rad), and all data are normalized to ␤-tubulin mRNA.
Immunofluorescence microscopy. Fluorescence microscopy was performed as described previously (24, 69) . Cells were grown for 1 day in the presence of 2.5 g/ml tetracycline. To visualize mitochondria, we treated the growing cells with 250 nM MitoTracker Red CMXRos for 15 min at 27°C. MitoTracker Red-stained cells were fixed for 30 min with 4% paraformaldehyde at 4°C. The cells were then permeabilized by gentle suspension in 0.5 ml of 0.1 M Na 2 HPO 4 -0.1 M glycine for 10 min, followed by suspension in 0.5 ml of PBS containing 0.2% Triton X-100 for 5 min. The cells were then washed and incubated for 1 h with 1:50-diluted mouse monoclonal c-Myc antibody (Santa Cruz Biotechnology). Following another wash, the cells were incubated with DAPI (4=,6-diamidino-2-phenylindole) and a 1:200 dilution of Cy5-conjugated anti-mouse IgG antibody (Chemicon) and then mounted. A Zeiss Axioimager Z1 fluorescence microscope and AxioVision software were used to visualize trypanosomes.
Yeast two-hybrid analysis. We analyzed the interaction of TbRGG2 variants with six different mitochondrial proteins that are components of the MRB1 complex: MRB3010 (Tb927.5.3010), MRB4160 (Tb927.4.4160), MRB8170 (Tb927.8.8170), MRB8620 (Tb11.01.8620), MRB8180 (Tb927.8.8180), and MRB10130 (Tb927.10.10130). The entire ORFs were PCR amplified from either T. brucei procyclic form 39 strain 29-13 genomic DNA or cDNA. pET42a constructs were used to shuttle out the DNA fragments of TbRGG2 variants using the EcoRI/XhoI cut sites. The products were ligated into EcoRI/XhoI cut sites of the activation domain pGADT7 vector. The PCR products of the MRB1-interacting partners were cloned into pGBKT7 binding domain vectors (3) . Saccharomyces cerevisiae strain PJ69-4A was cotransformed with 1 g of each plasmid by the lithium acetate method. The cotransformed cells were grown on plates contain synthetically defined (SD) medium lacking leucine and tryptophan for 3 days at 30°C. Postincubation, 5 to 10 colonies of cotransformed yeast were inoculated onto both SD media to select for the two cotransformed plasmids and SD medium lacking histidine to screen for protein-protein interaction. The SD plates lacking histidine contained 1, 2, 3.5, or 5 mM 3-amino-1,2,4-triazole (3-AT) to inhibit strain PJ69-4A yeast growth resulting from the leaky expression of the HIS gene and to allow for increasingly stringent conditions. We incubated the inoculated plates for 3 days at 30°C.
IP. Mitochondrial vesicles were enriched from approximately 2 ϫ 10 10 cells of each add-back line grown for 2 days in the presence of 2.5 g/ml tetracycline (33) . Mitochondrial vesicles corresponding to 1 ϫ 10 10 cells were lysed in 1 ml lysis buffer (25 mM Tris [pH 8.0], 15 mM Mg acetate, 50 mM KCl, 0.2% NP-40, 1 g/ml pepstatin, 2 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride [PMSF]). Each 1 ϫ 10 10 -cell equivalent was treated with DNase 1 (0.002 U/l). RNase treatment was performed for 15 min at room temperature on 1 ϫ 10 10 cells using a nuclease cocktail that included RNase A (0.1 U/l), RNase T1 (0.1 U/l), RNase H (0.01 U/l), RNase 1 (0.1 U/l), RNase V1 (0.002 U/l), and micrococcal nuclease (0.25 U/l) (Fermentas). RNase-treated or untreated lysates were incubated with anti-myc polyclonal antibody (ICL Laboratories) cross-linked to protein A-Sepharose beads (GE Healthcare) overnight at 4°C. The flowthrough was collected, and the beads were washed several times with phosphate-buffered saline containing 0.1% Tween. The bound proteins were eluted with 100 mM glycine (pH 2.5) and neutralized using 1 M Tris buffer (pH 8.5). Non-RNase-treated mitochondrial lysate of 29-13 parental cells was incubated with anti-myc antibody cross-linked to protein A-Sepharose beads and used as a negative control for the immunoprecipitation (IP) experiments.
Western blotting and antibodies. Protein samples were separated on 10 or 15% SDS-polyacrylamide gels, as indicated in the figure legends for each experiment, and then transferred to a nitrocellulose membrane. Immunoblotting was performed using polyclonal antibodies directed against TbRGG2 (28), GAP1 (32), MRB3010 (4), and MRB8170 (3). Rabbit anti-MRB10130 polyclonal antibody was produced by Bethyl Laboratories using the oligopeptide CNSMPKEVSVPEEDAISPES as an antigen. myc-tagged TbRGG2 variants were detected with rabbit polyclonal anti-myc antibodies (ICL, Inc.).
RESULTS

Recombinant TbRGG2 variants.
To analyze the RNA binding and annealing activities of TbRGG2 domains in vitro, we generated several recombinant GST-tagged TbRGG2 variants, including full-length TbRGG2, multiple truncated versions, and a double point mutant (Fig. 1) . Truncation constructs included the ORFs of the N-terminal G-rich region (G-rich; amino acids 1 to 160) and the C-terminal RRM-containing domain (RRM; amino acids 161 to 330). To further dissect the functions of the G-rich domain, we created a construct expressing only the GWG region (GWG; amino acids 1 to 107) and a construct expressing full-length TbRGG2 lacking the GWG repeats but retaining RG repeats (FL-GWG; amino acids 108 to 330). We also created the double point mutant RGG2VF-AA by mutating 2 residues in the highly conserved RRM signature motif, RNP1. Homologous RNP1 residues are critical for both in vitro and in vivo RNA binding in other RRM-containing proteins (21, 68) . The observed sizes of all purified recombinant proteins were consistent with their expected molecular weights plus that of the GST tag with linker (Fig. 1B) .
The G-rich domain exhibits high-affinity binding to preedited RNA in vitro. We showed previously using UV cross-linking that TbRGG2 can directly interact with preedited mRNA, fully edited mRNA, and gRNA (28) . Because both G-rich and RRM domains in other proteins have been reported to bind RNA (30, 31, 35) , it was important to define the roles of TbRGG2 domains in binding different RNA classes so that we could correlate the different RNA-based activities of TbRGG2 with the RNA binding properties of each domain. We tested three different RNAs, PE-RPS12, FE-RPS12, and gA6 [14] (see Fig. S1 in the supplemental material), and calculated the K d s (Table 1) . Initially, we asked whether wild-type TbRGG2 exhibits markedly different affinities for the three different RNAs. Indeed, TbRGG2 exhibited a significantly higher affinity for the preedited RNA than for the fully edited RNA or gRNA, with a K d for PE-RPS12 in the low nM range (4.3 Ϯ 1.3). The K d s of wild-type TbRGG2 for FE-RPS12 and gA6 [14] were 9 and 18 times higher than for PE-RPS12, respectively. These data suggest that preedited RNA is a preferred target of TbRGG2 in vivo.
We next determined the binding affinities of TbRGG2 variants. Interestingly, the G-rich region exhibited RNA binding affinities equal to or better than those of the wild-type protein for all three RNAs tested ( Table 1 ), suggesting that the domain largely contributes to the RNA binding activity of the full-length protein. The RRM domain displayed low affinity compared to either wild-type TbRGG2 or the G-rich region, with K d s approximately 10 and 20 times higher for fully edited and preedited RNA, respectively. Like wild-type TbRGG2, both G-rich and RRM domains bound PE-RPS12 with higher affinity than FE-RPS12 or gA6 [14] . However, the RRM domain was unique in that it appeared to display a slight preference for gRNA over fully edited RNA.
To further define the contributions of the G-rich and RRMcontaining domains to RNA binding, we assayed additional TbRGG2 variants. We began with proteins harboring truncated G-rich regions, the GWG and FL-GWG variants (Fig. 1A) . Both truncations severely impacted the RNA binding of the G-rich domain, as well as its specificity for PE-RPS12 (Table 1) . Hence, the high-affinity RNA binding activity of TbRGG2 requires an intact G-rich domain. To further investigate the contribution of RRM to RNA binding, we mutated the RRM signature motif, RNP1, in a manner predicted to abrogate its RNA binding (Fig. 1, RGG2VF -AA) (21, 68) . Mutating the RNP1 motif decreased the RNA binding affinity of TbRGG2 by 3-to 10-fold, depending on the RNA tested. This was somewhat surprising, given that RGG2VF-AA retains an intact G-rich domain. The decreased RNA binding affinity of the RGG2FV-AA protein suggests that the mutated RRM domain has an indirect effect on the RNA binding capacity of the G-rich domain, possibly resulting from a conformational change of TbRGG2. In addition, we cannot rule out a limited direct contribution of the RRM domain to the high-affinity RNA binding of TbRGG2 that was disrupted by mutating RNP1. Collectively, the RNA binding data indicate that TbRGG2 preferentially binds preedited RNA through a high-affinity interaction that requires the entire G-rich domain. The RRM domain may contribute modestly to in vitro TbRGG2-RNA interactions.
RNA-annealing activity is mediated by the N-terminal G-rich region. TbRGG2 exhibits robust in vitro RNA-annealing activity (5) . To define the roles of TbRGG2 domains in facilitating gRNA/mRNA annealing, we incubated increasing concentrations of each TbRGG2 variant with equivalent molar concentrations of 5=-radiolabeled A6U5 mRNA and cognate gA6 [14] RNA and resolved single and double-stranded RNAs on a native gel following protease treatment. The maximal annealing activity of TbRGG2 was approximately 55% after subtracting the 10% activity observed in control reaction mixtures containing GST ( Fig. 2A) . We reproducibly observed a modest decrease in annealed RNA at the highest concentrations of TbRGG2. In comparison with TbRGG2, the G-rich region displayed even more robust RNA-annealing activity (87% at maximum) (Fig. 2B) , and unlike the wild-type protein, the activity did not decrease at high protein concentrations.
Both TbRGG2 and G-rich proteins facilitated gRNA/mRNA annealing at low concentrations, with about 30% annealing observed at 10 nM protein ( Fig. 2A and B) . In contrast, the RRM domain displayed very weak activity. Annealing activity reached a maximum of 45%, but this required 500 nM protein, and no activity was observed below 100 nM RRM (Fig. 2C) . We next determined whether the robust annealing activity of the G-rich protein was attributable to either of its constituent GWG and RG regions. The annealing activity of the GWG protein (Fig. 2D ) was higher than that of FL-GWG (Fig. 2E ) in terms of both maximal activity (76% versus 48%) and the minimal concentration at which activ- ity was detected (5 nM versus 50 nM). However, neither protein with a truncated G-rich region exhibited activity equivalent to that of the intact G-rich domain (compare Fig. 2D and E with B) . Thus, we conclude that the G-rich domain mediates the annealing activity of TbRGG2 and that an intact G-rich domain is required to achieve maximal annealing. Finally, we tested the gRNA/mRNAannealing activity of RGG2VF-AA. The activity of this mutant was lower than that of the G-rich protein, reaching 53% maximal annealing, despite the fact that RGG2VF-AA contains an intact Grich domain (compare Fig. 2F and B) . Nevertheless, RGG2VF-AA still retains moderate annealing activity, especially compared to RRM, exhibiting annealing activity between 1.8-and 49-fold higher than that of RRM, depending on the protein concentration (Table 2 ). These data suggest that the RNP1 mutations have an indirect negative effect on the annealing activity of the G-rich domain. Overall, the RNA-annealing results are very consistent with the RNA binding data and indicate that the high-affinity RNA binding activity of the N-terminal G-rich domain is utilized to accelerate annealing of complementary RNAs. RNA-melting activity is performed by the C-terminal RRM domain. In addition to RNA annealing, TbRGG2 possesses RNAmelting activity, as measured by an E. coli transcription antitermination assay (5, 41) . To evaluate the contributions of TbRGG2 domains to RNA melting, we used E. coli cells containing a chloramphenicol resistance gene preceded by the trpL terminator, which forms an RNA hairpin upon transcription (Fig. 3A) . These cells can grow in the presence of the antibiotic only if they overexpress a protein able to resolve the terminator structure and enable expression of the resistance gene. We transformed the E. coli cells with TbRGG2, RGG2VF-AA, G-rich, or RRM proteins, which were expressed at similar levels (Fig. 3B) . Like wild-type TbRGG2 and the positive-control CSPE, the RRM domain enabled the cells to grow in the presence of chloramphenicol (Fig.  3C) . In contrast, neither the G-rich nor the RGG2VF-AA protein could support growth on chloramphenicol. These results indicate that RNA melting is attributable solely to the RRM domain. The inability of RGG2VF-AA to facilitate melting indicates that the RNP1 motif is crucial for this activity.
Notably, our results to this point indicate that the G-rich and RGG2VF-AA proteins promote RNA annealing but cannot facilitate RNA melting. Melting activity is exerted only by an intact RRM domain, which lacks substantial annealing activity. Thus, there is a separation of these two opposing activities within TbRGG2. Moreover, the RNA-annealing activity of the G-rich domain exceeds that of full-length TbRGG2, suggesting possible negative effects of RRM ( Fig. 2A and B) . These data led us to ask whether the RRM domain can affect the annealing activity of the G-rich domain. To address the interplay between the two domains, we performed annealing assays with a constant concentration (100 nM) of G-rich protein and increasing concentrations of RRM. We observed an almost complete suppression of G-richdomain-mediated RNA annealing even in the presence of equimolar amounts of RRM (Fig. 3D) . The small amount of annealing activity observed at the highest concentrations of RRM presumably reflects the weak annealing activity of the RRM itself (see Fig. 2C ). These data suggest that the RNA-melting activity mediated by the RRM domain can interfere with RNA annealing mediated by the G-rich domain or that the RRM domain directly masks the RNA binding surface of the G-rich domain or affects its structure. The ability of the RRM domain to impact the activity of the G-rich domain suggests a potential mechanism for regulation of TbRGG2.
Both G-rich and RRM domains are essential for cell growth. Having established structure-function relationships for TbRGG2 RNA binding, -annealing, and -melting activities in vitro, we next wanted to define the contributions of these activities to trypanosome growth and RNA editing in vivo. Our previous studies utilizing RNAi targeted against the TbRGG2 ORF demonstrated that the protein is essential for PF and BF growth and for editing of panedited RNAs (5, 28) . To analyze the ability of TbRGG2 mutants to complement growth and editing, we established a system in which endogenous TbRGG2 is repressed in PF T. brucei using a Shown are the percentages of annealing activities, after subtracting self-annealing, at the indicated increasing concentrations of the RGG2VF-AA mutant or RRM. The RGG2VF-AA/RRM ratios show the fold differences in RNA-annealing activities between the two variants at the different protein concentrations.
RNAi targeted against its 3= UTR, and myc-tagged TbRGG2 variants are expressed with a heterologous 3= UTR that is refractory to RNAi. Repression of endogenous TbRGG2 and expression of TbRGG2 variants are simultaneously induced by tetracycline treatment. Cell lines stably transfected with constructs expressing wild-type TbRGG2, RGG2VF-AA, RRM, or G-rich proteins expressed equivalent levels of myc-tagged TbRGG2 variants within the TbRGG2 knockdown background (Fig. 4A) . Indirect immunofluorescence confirmed that all exogenous proteins were mitochondrially localized (Fig. 4B) . Upon tetracycline induction, growth of TbRGG2 3= UTR-RNAi cells ceased, with a time course very similar to that of the previously described ORF knockdown (28) (Fig. 5A) , accompanied by an approximately 50% reduction of TbRGG2 protein at day 2 postinduction (Fig. 4A ) and 60% at day 3 (data not shown). Complementation with wild-type mycTbRGG2 completely restored cell growth in the 3= UTR-RNAi background, indicating that exogenous myc-tagged TbRGG2 is functional (Fig. 5B) . Thus, we have established a genetic system that will allow us to analyze the functions of TbRGG2 domains and their associated biochemical activities in vivo.
Having established this system, we examined the growth of cells predominantly expressing mutant versions of TbRGG2. Neither the G-rich nor the RRM domain was able to restore normal growth to cells depleted of endogenous TbRGG2 (Fig. 5C and D) , demonstrating that both domains provide the cell with essential functions. However, the growth defect of the G-rich cell line is less severe than that of either the 3= UTR-RNAi or RRM add-back cell line. Growth of the G-rich line essentially plateaued beyond day 4, while by day 10 postinduction, growth of the 3= UTR-RNAi line diminished nearly 10-fold and the RRM line contained no live cells. Thus, the G-rich region can partially restore cell growth, suggesting that the G-rich domain performs a critical function and that the RRM domain is required to facilitate or complement the G-rich region's function. The dramatic negative effect of RRM expression on cell growth suggests that the RRM-containing domain, in the absence of the G-rich domain, has a dominant-negative effect on residual endogenous TbRGG2. We next tested the ability of the myc-tagged RGG2VF-AA mutant protein to restore cell growth in the 3= UTR-RNAi background (Fig. 5E) . Remarkably, the RGG2FV-AA line grew at the same rate as uninduced cells or those expressing myc-tagged wild-type TbRGG2 (Fig. 5A and E), even under low serum stress (data not shown). Thus, the RGG2FV-AA protein possesses the activities that mediate the essential functions of TbRGG2. This mutant protein does not possess RNA-melting activity (Fig. 3C) , implying that RNA melting is dispensable for cell growth under the tested conditions. The RGG2VF-AA mutant displayed in vitro RNA binding and -annealing activities with moderate reduction compared to the wild-type protein. Given that RGG2FV-AA protein is completely competent for growth restoration, either its reduced RNA binding and/or annealing activities are sufficient to maintain essential functions or the cellular exogenous mutant protein is more effective than the recombinant protein.
Collectively, these results demonstrate that both G-rich and RRM domains contribute to the essential functions mediated by TbRGG2 and that the protein's RNA-melting activity is dispensable.
Both G-rich and RRM domains are required for RNA editing. We next asked whether defects in RNA editing parallel growth defects in cells expressing TbRGG2 variants. We performed qRT-PCR analysis of RNA collected at day 3 postinduction, using primer sets designed to analyze representatives of different mitochondrial RNA classes, including never-edited COI, minimally edited CYb, and panedited A6 and RPS12 RNAs (15, 16) . Similar to the ORF RNAi cell line, the induced 3= UTR-RNAi line displayed 93% and 82% reductions in edited A6 and RPS12 RNAs, respectively, compared to uninduced cells, without corresponding accumulation of preedited A6 or RPS12 RNA (Fig. 6A) . Also in keeping with previous results, we did not observe significant changes in the levels of COI, CYb preedited, or CYb edited RNA. Thus, the 3= UTR-based RNAi line behaves similarly to the ORFbased RNAi line in terms of RNA-editing defects.
We then used qRT-PCR to determine RNA levels in the complemented cells. The 3= UTR-RNAi line complemented with wildtype TbRGG2 displayed substantially restored levels of both edited A6 and RPS12 RNAs (Fig. 6B) . The levels of the other RNAs examined were essentially unchanged, ruling out nonspecific effects. Thus, exogenous wild-type TbRGG2 compensated for the downregulation of endogenous TbRGG2 and restored RNA editing. To determine whether restoration of RNA editing can account for growth rescue, we measured the RNA levels in the other cell lines and found that edited RNA levels were very consistent with the growth curves. We observed substantially reduced edited A6 and RPS12 RNA levels in cells complemented with either Grich or RRM domains and restored levels in RGG2VF-AA-com- plemented cells. The correlation between RNA editing and growth was particularly evident when examining edited A6 RNA levels. Edited A6 RNA was not as dramatically decreased in cells expressing the G-rich domain as in 3= UTR-RNAi cells, consistent with the more robust growth of G-rich-domain-expressing cells (Fig.  5C) . Likewise, cells expressing RRM exhibited a somewhat more dramatic decrease in edited A6 RNA than the 3= UTR-RNAi line, possibly accounting for the more severe growth defects in the RRM-expressing cell line (Fig. 5) . The restoration of nearly normal edited RNA levels in cells expressing the RGG2VF-AA mutant protein indicates that the mutant restored RNA editing without a requirement for RNA melting and that it did not cause nonspecific effects on preedited or never-edited RNAs (Fig. 6E) . Together, the results of mitochondrial RNA analysis indicate that both G-rich and RRM domains are crucial for RNA-editing-related functions mediated by TbRGG2. The growth defects observed in cells expressing truncated versions of TbRGG2 reflect RNA-editing defects in these cells.
G-rich and RRM domains mediate distinct protein-protein interactions. TbRGG2 is a component of the MRB1 complex, a dynamic macromolecular complex involved in RNA editing and stability and mediated by numerous protein-protein, protein-RNA, and RNA-enhanced interactions (1, 3, 5, 32, 34, 53, 66) . Previous yeast two-hybrid analyses showed that TbRGG2 interacts strongly with six other MRB1 components, including the MRB1 core proteins MRB3010 and MRB8620, and MRB10130, which may act as an MRB1 organizer. The three other yeast twohybrid interacting proteins are those with which TbRGG2 appears to associate in mutually exclusive subcomplexes: the paralogous MRB8170 and MRB4160 proteins and MRB8180 (3). Using yeast two-hybrid analysis, we determined the roles of TbRGG2 domains in mediating these interactions to better understand the function of TbRGG2 in the context of MRB1 (Fig. 7A) . Core components MRB3010 and MRB8620 and the ARM protein MRB10130 interact with TbRGG2 primarily through its G-rich domain. MRB10130 interacts as strongly with the G-rich protein as with TbRGG2 and thus appears to utilize exclusively G-rich contacts. The attenuated interactions of MRB3010 and MRB8620 with the G-rich domain compared to TbRGG2 suggest that the RRM-containing domain may assist in stabilizing these interactions. In contrast, MRB8170 and MRB8180 interact with TbRGG2 primarily through its RRM domain, with a potential modest contribution of the G-rich region. We did not detect interaction of MRB4160 with either the G-rich or RRM domain. We also tested interactions between the RGG2VF-AA mutant and MRB1 proteins (Fig. 7A) .
While MRB8170 interacted as strongly with RGG2VF-AA as with wild-type TbRGG2, the RGG2VF-AA mutant displayed reduced interaction with the other proteins. The attenuated interactions of MRB10130 and MRB3010 with RGG2VF-AA compared to their interactions with the G-rich domain are consistent with our previous results showing that the mutated RRM domain appears to negatively impact some functions of the G-rich region (Fig. 2 and Table 1 ). Together, these results demonstrate that the G-rich and RRM domains of TbRGG2 mediate distinct protein-protein interactions within the MRB1 complex.
Having defined the roles of TbRGG2 domains in binary protein-protein interactions, we next wanted to examine the interactions of TbRGG2 variants in vivo. This allowed us to establish the interaction capacity of each domain in an environment containing both RNA and the complex protein milieu of the mitochon- either untreated or treated with 2.5 g/ml tetracycline. COI is never edited, Cyb is minimally edited, and A6 and RPS12 are panedited. RNA levels were normalized to ␤-tubulin mRNA and represent the means and standard errors (SE) of 12 determinations. P, preedited; E, edited. drion. We carried out coimmunoprecipitations using mitochondrial extracts from cells expressing different TbRGG2 variants and investigated the role of RNA by comparing untreated and nuclease-treated extracts. The myc-tagged TbRGG2 variants were immunoprecipitated with anti-myc antibody and detected by anti-myc Western blotting (Fig. 7B, top) . Associated proteins were detected by Western blotting with specific antibodies. In general, MRB1 components for which specific antibodies are available displayed interactions with TbRGG2 domains in vivo that were consistent with yeast two-hybrid results. For example, MRB3010 and MRB10130 both interact strongly with the G-rich domain in vivo and display weak or no interaction with RRM. Indeed, MRB3010 interacts much more strongly with the G-rich domain than with full-length TbRGG2, again pointing to an inhibitory or regulatory effect of the RRM domain within the context of TbRGG2. Interactions with the G-rich domain mimic those with TbRGG2 regarding the contribution of RNA, which is modest in the case of MRB3010 and substantial with MRB10130. The apparent role of RNA in the MRB10130/G-rich domain co-IP is at odds with the strong yeast two-hybrid signal between the two proteins, which suggests a direct protein-protein interaction. It is likely this discrepancy reflects the previously described RNA-enhanced nature of the MRB10130-TbRGG2 interaction (3), which is evident in the co-IP with RGG2VF-AA and which may be obscured here due to the relatively low signal levels with the full-length and G-rich proteins. In keeping with the two-hybrid results, coimmunoprecipitation of MRB8170 with RRM was equivalent to that with TbRGG2, and both were enhanced by the presence of RNA, whereas MRB8170 interaction with the G-rich domain was at background levels. All three proteins interacted strongly and in an RNA-enhanced manner with the RGG2VF-AA mutant, indicating that the RNP1 mutations did not compromise TbRGG2 proteinprotein interactions in vivo. We also examined the interactions of the GAP1 gRNA binding component of the MRB1 complex with TbRGG2 variants. By the yeast two-hybrid assay, GAP1 interacts weakly with TbRGG2 itself but strongly with TbRGG2 binding partners MRB3010, MRB8620, and MRB8170 (3). GAP1 precipitated with full-length TbRGG2 and all TbRGG2 variants. These interactions were RNA independent (G-rich), RNA enhanced (full-length TbRGG2 and RGG2VF-AA), or RNA dependent (RRM). In summary, combined yeast two-hybrid and in vivo coimmunoprecipitation experiments demonstrate that protein-mediated interactions between TbRGG2 and the MRB1 core (which includes MRB8620, MRB3010, and GAP1), as well as the ARM protein MRB10130, are primarily mediated by the G-rich domain. In contrast, interactions with MRB8170 and MRB8180 are mediated primarily by the RRM-containing domain. Mutations of the RNP1 domain did not impact TbRGG2 protein-protein interactions.
DISCUSSION
Repression of TbRGG2 causes a dramatic reduction in panedited RNAs and a severe growth defect in both BF and PF T. brucei (1, 28) . TbRGG2 is crucial for initiation and 3=-to-5= progression of RNA editing, suggesting a key role in modulating gRNA-mRNA interactions. TbRGG2 exhibits multiple RNA-based activities, including RNA binding, RNA annealing, RNA melting, and RNAenhanced protein interactions (3, 5, 28) . The TbRGG2 protein comprises G-rich and RRM domains, which in other proteins function in diverse RNA modification processes and are implicated in both protein-RNA and protein-protein interactions (31, 47) . Due to the reported functional similarities of G-rich and RRM domains in other proteins, we performed in vitro and in vivo separation-of-function analyses of TbRGG2 to gain insight into the activities of its constituent domains and thereby into the mechanism of TbRGG2 action. We show that cells depleted of endogenous TbRGG2 but expressing one or the other domain are dramatically impaired for RNA editing and growth. Together with functional and protein-protein interaction studies, these data reveal distinct roles for the G-rich and RRM-containing domains of TbRGG2, which can be utilized in RNA editing.
Our results strongly suggest that the essential functions of the G-rich domain are RNA binding and annealing. We show that TbRGG2 exhibits high affinity for preedited RNA that is 10 to 20 times its affinity for edited RNA or gRNA. TbRGG2 depletion has modest, if any, effects on preedited RNA levels, precluding any major impact on RNA stability (references 1 and 28 and this study). Hence, our data suggest that the high affinity of TbRGG2 for preedited RNA is directly correlated with its role in RNA editing. The G-rich domain of TbRGG2 is the primary mediator of preedited RNA binding. Indeed, we observed that for all RNAs tested, binding by the G-rich domain was comparable to, or slightly better than, that of the full-length protein. Further truncation of the domain demonstrated that both GWG and RG repeats are essential for high-affinity RNA binding and for specificity for preedited RNA. Thus, the structure of the TbRGG2 N-terminal domain may contribute to its RNA binding capacity, which is surprising, as G-rich domains often lack significant structure. GW/WG repeats have been studied primarily in TNRC6 family proteins, where they are critical for interaction with Ago and also serve as effector motifs in miRNA-mediated silencing, apart from Ago binding (19) . To our knowledge, ours is the first report of GW/WG repeats being critical for a protein's RNA binding activity. While our data implicate binding of preedited RNA by the G-rich region of TbRGG2 as a primary function, it is also possible that lower-affinity binding of edited RNA and gRNA, potentially with modest assistance from the RRM, contributes to TbRGG2 function (see below). Future studies aimed at assessing TbRGG2-RNA interactions in vivo will further illuminate the RNA binding properties of the protein.
The gRNA/mRNA-annealing activity of TbRGG2 closely parallels its RNA binding activity, in that the G-rich domain is the primary effector of annealing. Proteins truncated in or lacking the G-rich domain display relatively limited gRNA/mRNA-annealing capacities. This is especially true of the RRM domain. While involvement of high-affinity preedited RNA binding by the G-rich domain is likely important for annealing, our data suggest that gRNA binding by the G-rich domain also contributes to this activity. Comparison of the intact G-rich domain with the GWG protein shows a correlation between their affinities for gRNA and their RNA-annealing capacities. The GWG protein exhibits 2-to 3-fold-reduced annealing at all concentrations compared to the G-rich domain (Fig. 2) . Similarly, its gRNA binding affinity is approximately 3-fold reduced compared to the G-rich domain, whereas its preedited RNA binding affinity is 60-fold reduced compared to the G-rich region (Table 1 ). The MRP1/2 and RBP16 proteins also exhibit gRNA/mRNA-annealing activity (6, 52) . Moreover, MRP1/2 has been sporadically reported to be associated with editosomes, cocrystallized with gRNAs, and rigorously shown to promote gRNA/mRNA matchmaking activity (51, 60) . However, in vivo depletion of MRP1/2 and RBP16, either singly or together, affects only editing of a small subset of RNAs, suggesting that these are not primary RNA-annealing factors during RNA editing (27, 57, 65) . In contrast, TbRGG2 depletion leads to dramatic repression in editing of all panedited RNAs (1, 28) . TbRGG2 has been identified in immunoprecipitated editosomes (28, 54) and is a component of the MRB1 complex (1, 3, 4, 32, 34, 53) . Thus, the annealing function of TbRGG2 is presumably utilized during RNA editing of panedited RNAs, whose complete editing requires dozens of gRNAs and myriad RNA-annealing events. We show here that complementation with the G-rich domain reduces the severe growth defect caused by repression of endogenous TbRGG2, although it does not restore growth to wild-type levels. Collectively, these data provide strong evidence that the RNA binding and -annealing activities of the G-rich domain constitute its essential functions in vivo.
If the RNA binding and -annealing activities of the G-rich domain do not completely restore editing, what then is the essential role of the RRM-containing domain? Its RNA-melting activity cannot constitute its essential function because RGG2VF-AA, which lacks RNA-melting activity, efficiently rescues RNA editing and growth. Nevertheless, RNA annealing and melting may both contribute to TbRGG2 function in vivo, even if the latter is apparently not essential. These two opposing activities reportedly occur in some RNA helicases and in the Prp24 splicing factor, where they may work together to create functional RNA secondary structures and/or for regulation (18, 48, 64) . The RNA-melting activity of TbRGG2 may simply be redundant due to the presence of other proteins with similar activities. For example, the REH1 helicase can unwind double-stranded RNA and is essential for editing of a subset of RNAs (44) , and the editosome itself was recently reported to exhibit a chaperone-type RNA-unwinding activity (12) . Regarding the essential function of RRM, one potential role is as a regulator of G-rich-domain-mediated activities. Both RNA binding and -annealing activities of G-rich protein exceed those of TbRGG2. In addition, the annealing activity of TbRGG2 reproducibly decreases at high protein concentrations, while that of the G-rich protein does not, again implying a negative regulatory effect of the RRM domain. We directly demonstrated such an effect, showing that equimolar amounts of RRM protein completely abrogate the strong annealing activity of the G-rich protein. These results suggest a model in which, in vivo, expression of unregulated G-rich domain alone may actually arrest RNA editing and growth due to excessive RNA binding and/or -annealing activities. Within full-length TbRGG2, the RRM domain may control the activity of the G-rich region by a direct intramolecular interaction that either masks the RNA binding surface or distorts the domain's structure. Intermolecular interactions may also contribute to RRM-mediated repression, as endogenous TbRGG2 is present in myc-TbRGG2 pulldowns (3). This hypothesis is supported by our data showing that the RRM add back not only failed to restore RNA editing or cell growth, but exacerbated these defects, possibly by inhibiting the function of residual endogenous protein. The capacity of the RRM domain to dramatically affect the RNA-based activities of the G-rich domain presents an opportunity for regulation of TbRGG2. Additional protein-protein interactions and/or posttranslational modifications of either domain could modulate their cross talk and thereby regulate TbRGG2 RNA binding and -annealing activities.
TbRGG2 is transiently associated with the editosome and is a component of the MRB1 complex (1, 3, 4, 28, 32, 34, 53, 54, 66) . Several MRB1 components are essential for RNA editing, and TbRGG2 binding partners within MRB1 are candidate regulatory factors. Association of TbRGG2 with the MRB1 core (3) appears to be mediated by interaction of the G-rich domain with core proteins, MRB3010 and MRB8620. The G-rich domain also mediates interaction with the putative MRB1 organizer, MRB10130, likely in an RNA-enhanced manner. On the other hand, the RRMcontaining domain mediates interactions with MRB8170 and MRB8180. It is tempting to speculate that MRB8170, MRB8180, and/or MRB4160 (an MRB8170 paralog) interact with the RRM domain to influence its effects on the RNA binding and -annealing properties of the G-rich domain. Importantly, like RRM, the RGG2FV-AA mutant that restores growth in TbRGG2-depleted cells also interacts with MRB8170, suggesting that this interaction could represent an essential RRM function. We previously identified weak interactions between TbRGG2 and four other MRB1 components (3) . The binding of these and other as yet unidentified binding partners may impact TbRGG2 functions and underlie essential RRM domain functions.
In summary, we show that the essential RNA-based activities of TbRGG2 are carried out by its N-terminal G-rich domain. The C-terminal RRM domain may play a regulatory role whereby it modulates G-rich-domain-mediated activities. The RRM also participates in some protein interactions of TbRGG2, which may affect the RRM's regulatory functions and facilitate editosome association. Collectively, our data suggest a model for TbRGG2 function during RNA editing (Fig. 8) . Initially, TbRGG2 binds preedited RNA through its G-rich domain (Fig. 8A) . At this stage, TbRGG2 adopts a conformation in which the RRM domain represses the annealing activity of the G-rich region, and thus GAP1/ 2-bound gRNA does not anneal with mRNA bound to TbRGG2. These and subsequent events may take place within the context of the dynamic MRB1 complex (Fig. 8A and B, not shown; C, lavender). In Fig. 8B , the RRM domain associates with a protein partner (possibly, but not necessarily, MRB8170), which leads to TbRGG2 rearrangement so that RRM-mediated repression of annealing is released. Rearrangement then permits the annealing of GAP1/2-bound gRNA with TbRGG2-bound mRNA (Fig. 8C) . Annealing may occur in association with MRB1 and the editosome, although the precise order of events is unknown. Here, we also illustrate the possibility that unidentified RRM domain binding proteins help recruit the essential RNA binding and -annealing functions of TbRGG2 to the editosome. Numerous cycles of the events in Fig. 8 must occur to complete the editing of a panedited RNA, as one gRNA is released and a subsequent gRNA is annealed. Involvement of TbRGG2 annealing activity in each gRNA exchange event would explain our previous results showing that both initiation and 3=-to-5= progression of editing are compromised in TbRGG2-depleted cells (5) . Overall, the studies presented here provide significant insight into the mechanism of TbRGG2 action during trypanosome RNA editing. Important questions regarding the precise order of events and the identities of TbRGG2 binding partners that function at key steps of the editing process remain, providing fertile ground for future research.
